A new Majoron model is presented within the framework of the seesaw mechanism. Its Higgs sector consists of only doublet representations and the lepton-number violation takes place at the same scale of the electroweak symmetry breaking. This model is different from the singlet-or triplet-Majoron model in several respects: it is free from the ρ-parameter constraint and it provides moderately fast neutrino decay, but the constraint from the stellar cooling of red giants is satisfied only with an imposed approximate symmetry. A τ neutrino as heavy as 10 MeV is possible in this model despite various cosmological and astrophysical constraints.
Introduction
We present in this paper a new Majoron model. Its Higgs sector consists only of doublet representations under the standard electroweak gauge group G ≡ SU(2)×U(1) Y and the lepton number symmetry U(1) L breaks down spontaneously together with the breaking of G. The Majoron, the Nambu-Goldstone (NG) boson associated with the U(1) L breaking, is induced as a linear combination of only doublet Higgs bosons which is of course not the case in the singlet Majoron (SM) model [1] or the triplet Majoron (TM) model [2] . In this respect, we refer to the present model as the doublet Majoron (DM) model. There is also a model in which the Majoron belongs to the doublet representation [3] , but that version is now ruled out experimentally by the nonobservation of Z 0 → invisible light scalars. In the present model the light neutrino masses come about through the seesaw mechanism [4] , while in the model of Ref. [3] they are induced radiatively.
One motivation of Majoron models in general is that they may induce neutrino decay through Majoron emission [1] . This decay can provide a way to evade the cosmological constraint on the neutrino mass m ν , that is, m ν < 100 eV or m ν > a few GeV for a stable neutrino. In fact, this decay in both the TM and SM models is strongly suppressed and it turns out to be almost cosmologically irrelevant: in the TM model the decay only takes place through a loop diagram [5] , while in the SM model it is suppressed at tree level by the fourth power of the seesaw factor (m ν /M) (M is the mass scale for the right-handed gauge-singlet neutrino) [6] . In the DM model, on the other hand, the decay occurs by the same mechanism as in the SM model, but the suppression of the seesaw factor is weaker; the power reduces to three instead of four. This means that neutrino decay in the DM model could well be cosmologically relevant.
Some time ago, the possibility of a τ neutrino of about 10 MeV in mass was proposed in a scenario of baryogenesis at the electroweak phase transition in the SM model [7] . However it appears difficult to have such a mass range which also satisfies the cosmological constraint unless one chooses an unnaturally small M. We aim to investigate the decay of such a neutrino more closely for a similar mass range using the DM model. We will also take into account the constraint of Majoron emission from the supernova 1987A [8] and that of nucleosynthesis [9, 10] .
There is another motivation for looking into Majoron models. Although the seesaw mechanism is an attractive idea to account for the mass hierarchy of the neutrinos compared to the charged leptons [4] , once it is combined with the observation that the anomalous baryon and lepton number B +L violating process is in thermal equilibrium at an early stage of the Universe [11] , it leads to a very strong bound on the neutrino masses [12, 13] . If both the B + L violation from the anomalous process and the L violation from the gauge-singlet neutrino mass term are active together at a certain time during the Universe's evolution, any primordial excess in B or L is wiped out. To avoid this situation, a neutrino mass must be less than 1 eV as long as the anomalous process is fast enough up to a temperature of about 10 12 GeV [14] . This makes any neutrino an unsuitable candidate for a component of dark matter.
One way to evade the above constraint is to make U(1) L an exact symmetry above the electroweak phase transition. In the DM model, the L symmetry is exact before spontaneous symmetry breaking even though the gauge-singlet neutral fermion has mass, and it breaks down at the electroweak scale, which is a natural consequence of its Higgs representation.
Provided that this phase transition is first-order and that the anomalous process is suppressed after it [15] , the L and B + L violating processes cannot coexist above or below the phase transition.
The model
We now describe the DM model. A basic observation that characterizes the DM model is that a Majorana mass for the gauge-singlet neutral fermions N a (a = 1, 2, 3 denotes genera- 
where all the lepton fields have been written in left-handed two-component notation; L a denotes the doublet leptons 
These thirteen parameters are phenomenologically constrained for the following reason.
In 
where L(H α ) and L(f ) denote the lepton number assignment for H α and the fermion species f ; j Y µ is given by the same equation with Y (H α ) and Y (f ), the hypercharges, instead of L(H α ) and L(f ). We write the current-conservation equations using Eq. (3). They are
where θ W is the Weinberg angle and j
(f) denotes the fermion component in each current.
These equations describe the motion of the NG bosons; the right-hand sides represent the interactions with the other fields. The Majoron is the combination that does not have the linear Z µ term in its equation. We can thus simply use Eqs. (5) and (6) to extract out the equation for the Majoron. This procedure reveals that the Majoron has a coupling of the form g ϕee ∂ µ ϕj Y µ with the strength g ϕee proportional to
This coupling is highly constrained to be less than about 10 −13 divided by the electron mass from the astrophysical consideration already mentioned [5, 16] .
The reason we employed H 2 is to cancel the H 1 contribution in (7) [17] . Note that it
and further require it to be symmetric under the exchange H 1 ↔ H 2 . The parameters are then constrained: Since the couplings to fermions are different for H 1 and H 2 , the above exchange symmetry is no longer exact once fermion-loop corrections are included. If we adopt the "effectivepotential" method for evaluating the quantum corrections to V , they are typically of order γ 4 (γ is the Yukawa coupling of H 1 to the neutral fermions). We assume these corrections are fine-tuned so that they will not have a significant contribution to the j Y µ coupling.
We now find out explicitly the particle spectrum in the Higgs sector. For the charged scalars h α , the mass matrix is given by
The mass eigenstates and their masses are readily evaluated:
where the angle β is defined by
The zero eigenstates h G correspond to the NG bosons associated with the SU(2) breaking and they are absorbed into the W ± gauge bosons. For the real part of the neutral sector, the mass matrix is
and the mass eigenstates and masses are
where α is defined by
Similarly for the imaginary part, the mass matrix is
The mass eigenstates are
The combination ϕ G is absorbed into the Z 0 gauge boson and ϕ L is the Majoron.
The motion of the Majoron, especially its interaction with the other fields, is now solely described by the j L µ conservation, Eq. (5). We obtain the effective interaction Lagrangian L eff by requiring that the resulting Euler-Lagrange equation with respect to ϕ L coincides with Eq. (5). Up to cubic terms, we get
Reflecting on the NG-boson nature of ϕ L , we have written its interaction in the derivativecoupling form. The first term in the bracket includes the coupling to the neutrinos and induces neutrino decay. The second term is important since it describes the coupling to Z 0 .
Remember that the mass of the accompanying scalar particle, φ L , is (4λ 
Neutrino decay
We now look into the neutrino decay
They are induced by the first term in the bracket in Eq. (23) . The existence of these flavorchanging processes can be seen in two steps. First, the conservation of the neutrino portion of j L µ (f) is violated in the symmetry-broken phase by the appearance together of both the Dirac mass, This is in contrast to the TM model, where no singlet neutrino is involved and the current is flavor-diagonal even after the diagonalization of the Majorana mass matrix for ν.
Let us see this second point in detail for the seesaw mass matrix and obtain the neutrino decay vertex explicitly. In the symmetry-broken phase the physical fields are the mass eigenstates. We write the neutrino fields in j L µ (f) in terms of these. It is done by the following replacement:
where we have suppressed the generation index; U i are 3 × 3 matrices. The unitary matrix U is obtained by
Although U is unitary, U 1 is not necessarily so. Thus the light neutrino components in j . U 1 is given explicitly up to second order as
where the unitary matrix V is defined by
and in solving U 1 we have assumed without loss of generality that M ab is already diagonal with positive eigenvalues. The eigenvalue m ν has the typical seesaw size, m
and the flavor-changing mixing is of order m ν /M.
The decay width of ν τ is readily evaluated. For m ντ ≫ m νµ , m νe , we obtain
where we parametrize |R| as (m ντ sin θ/M) with a mixing angle θ and (m ντ /v L ) 2 as (γ 2 m ντ /M) with the Yukawa coupling γ for the τ neutrino.
In the SM model this decay is also similarly described but the power of m ντ /M in the final result (31) is 4 instead of 3. This is because the corresponding scalar expectation value v L in the SM model is related to the mass of the gauge-singlet neutrinos.
Let us compare this width with the cosmological bound. The thermal history of neutrinos in the expansion of the Universe is well studied 1 [18] . Their relic density parameter Ω νν is given by
(32) for each light neutrino, i.e. that which is relativistic at its decoupling temperature, or by
for each heavy neutrino, i.e. that which is nonrelativistic at its decoupling temperature.
[The notation is the same as in Ref. [18] . Since we are interested in a narrow mass range, around 10 MeV, we have neglected a logarithmic dependence on m ν in Eq. (33).] Thus a neutrino species that is heavier than 100 eV or lighter than a few GeV must decay. For the lifetime constraint we use here that which comes from a consideration on "structure formation" [19] , which gives a much stronger bound than the condition of not overclosing the Universe by the relic density of the decay products [20] . This requires the relic density parameter of the decay product to be smaller than that of the radiation, i.e. the photon and the light neutrinos,
The relic density of the relativistic decay product decreases faster than that of the nonrelativistic matter and is approximately given by Ω νν R D , where R D is a scale parameter related to the lifetime Γ −1 by
Thus we get
sec for heavy neutrino.
We demonstrate in Fig. 1 that it is indeed possible for ν τ to be as heavy as 10 MeV for a choice of parameters γ 2 = 10 −2 and sin 2 θ = 10 −2 as an example. We depict the allowed area in the (m ντ -M) plane. The lines AB and BC come from the cosmological bound for light and heavy neutrino, respectively. They are obtained by Eq. (36) or (37) with (31). We have also taken into account a constraint coming from supernova cooling by Majoron emission [8] , which is shown by the line CD. The region allowed by the cosmological constraint mostly corresponds to that of "Majoron trapping" and it gives [8] It can, however, be a rare decay product of Z 0 in
The branching fraction of this process is suppressed by (− cos β sin α + sin β cos α) 2 ∼ 10 Finally we consider the effect of nucleosynthesis. The number of relativistic degrees of freedom at the temperature of about 1 MeV strongly affects the abundance of light elements [18] . Using the best current nuclear physics data and astronomical observations, the number in terms of corresponding light neutrino species, N ν , is restricted to be less than 3.3 [10] .
The Majoron contribution to N ν has been considered extensively in Ref. [9] . The key process for the Majoron to be in thermal contact with the neutrinos is νν ↔ ϕ L ϕ L . Its decoupling temperature T D is estimated by comparing the inverse mean free path of the process with the expansion rate of the universe,
The decoupling temperature from the τ neutrino is the lowest among the three neutrinos and it is much lower than 1 MeV for the parameters that are allowed in Fig. 1 . The Majoron keeps thermal equilibrium as long as the τ neutrino does. Thus its decoupling temperature cannot be high enough to suppress its contribution to N ν [9] , which is given by (8/7)(1/2) ∼ 0.6.
To keep N ν within the above-mentioned bound, the τ neutrino needs to be nonrelativistic at its decoupling temperature and its energy density must be small compared to that of the radiation. Since the enery density of massive matter after decoupling decreases at a slower rate than that of the massless degrees of freedom, it may significantly contribute to the total energy density again afterwards. If this matter domination takes place at the time of nucleosynthesis, it would affect the primordial abundance of light elements [22] . The cosmological constraint on the τ neutrino lifetime we have used does not allow its energy density or that of its decay products to exceed that of the light degrees of freedom. But it may still contribute partially to N ν . Based on a detailed study of the τ neutrino lifetime and mass constraints from nucleosynthesis, we thus further require its lifetime to be shorter than 1 second [22, 23] . We show the corresponding boundary by a dashed line in Fig. 1 , the region to the right of which remains allowed. Under the conditions that τ neutrino is strongly nonrelativistic at the decoupling temperature and it decays fast enough before primordial nucleosynthesis, N ν is given by the sum of the contributions from the Majoron and the two lighter neutrinos, i.e. 2.6.
In summary, we have presented a new Majoron model. It allows the τ neutrino to be in the 10-MeV mass range. http://arXiv.org/ps/hep-ph/9405405v2
